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Abstract 
Debris-flow hazard and risk assessments require reliable estimates of inundation area, velocity and flow depth to 
evaluate spatial impact and impact intensity. Semi-empirical numerical runout models that simulate bulk flow 
behavior with simple rheological models are useful in forecasting these parameters, however, they require calibration 
by back-analyzing past events. This paper presents the back-analysis of six debris flows in southwestern British 
Columbia using a novel automated calibration approach that systematically optimizes the Dan3D runout model to fit 
field observations. The calibration method yielded good simulations of runout length, but under-predicted flow depths 
in some cases, and over-predicted velocities in all cases. The best-fit Voellmy rheology parameters for the studied 
cases ranged from 46 to 531 m/s2 for the turbulence coefficient and 0.08 to 0.18 for the friction coefficient. There is a 
potential inverse correlation between friction coefficient and event volume. Calibrated parameters were compared to 
morphometric parameters for the study sites, which may be useful for guiding parameter selection once a larger dataset 
is calibrated. Ongoing work is focused on refining the calibration technique, including standardization of input 
parameters more relevant to debris flows. The long-term goal is to apply the technique to a larger dataset of debris-flow 
cases and provide practitioners with better guidance on the selection of model input parameters for forecasting 
purposes.  
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1. Introduction
Estimating the spatial impact of debris flows is an important part of hazard mapping, risk assessment and mitigation
design. A variety of tools and techniques have been developed for estimating potential inundation areas and flow 
velocities, including semi-empirical numerical models that simulate bulk flow behavior using simple rheological 
relationships (e.g. O’Brien et al., 1993; Hungr, 1995; McDougall and Hungr, 2004; Pirulli, 2005; Kwan and Sun, 2007; 
Pastor et al., 2009). Although these models do not necessarily simulate the complex mechanics of debris flows, they 
can capture the bulk behavior required for runout forecasting (McDougall, 2017). One of the main challenges with 
applying these types of models is the selection of appropriate rheologies and rheological input parameters. These inputs 
must be calibrated by back-analyzing past events, which requires sufficiently detailed documentation of a number of 
debris flows that have already occurred, as well as reliable pre-event topographic data. Further, an objective, efficient, 
and repeatable calibration method is needed. 
In this study, we applied a recently developed automated calibration technique to systematically back-analyze six 
debris flows in southwestern British Columbia using the semi-empirical runout model Dan3D. We examine the 
performance of this calibration technique in the context of debris-flow behavior and discuss ways it could be refined 
prior to more extensive calibration efforts. Potential useful links between observable morphometric parameters and 
rheological input parameters are also briefly discussed. 
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2. Methodology
2.1. Data Collection 
Geomorphic mapping was conducted at six case study locations (Fig. 1) to collect event-specific field observations 
for back-analysis. Historical airphotos, orthophotos and satellite images were used to identify source areas, delineate 
inundation areas and constrain the event date for undocumented events. Planet (2018) provided access to an archive 
of satellite imagery dating back to 2016 for Planetscope (3 m resolution) and 2009 for RapidEye (5 m resolution). 
Field work was conducted by the authors over the period of July to September, 2018, for all locations except Bear 
Creek, which was studied by BGC Engineering Inc. in 2017. The objective of the field work was to map the deposit 
extents, delineate the active channel, take deposit and flow depth measurements, measure superelevation at channel 
bends for velocity estimates (Prochaska et al., 2008), measure channel cross-section areas at bedrock controlled 
reaches for peak discharge estimates, and collect information about debris composition (grain size, sorting and 
lithology). 
Likely source areas were identified using pre- and post-event Planet (2018) satellite imagery, however, initial 
volumes were not known. Deposit volumes were mostly estimated by multiplying a range of representative estimated 
deposit depths from field observations by the mapped impact area. At Neff Creek, Lau (2017, Chapter 5) used pre- 
and post-event LiDAR data provided by BC Hydro to estimate erosion and deposition volumes within the transmission 
corridor.  
Fig. 1. Case study locations. (a) Neff Creek; (b) Bear Creek; (c) Mt. Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 
2.2. Numerical Modeling 
The numerical model used in this study was Dan3D, a semi-empirical, depth-averaged, Lagrangian model that 
simulates landslide motion over 3D terrain (McDougall and Hungr, 2004 and 2005). The model is based on the 
Smoothed Particle Hydrodynamics (SPH) numerical technique, in which the moving mass is discretized into particles 
that interact with each other and are free to split apart to simulate flow around obstacles. The model treats the landslide 
as an “equivalent fluid”, whose behavior is governed by simple internal and basal rheologies (Hungr, 1995). The model 
features an open rheological kernel, and the parameters that govern these rheologies must be calibrated. Calibration 
typically relies on well-described past events at the study site, or cases that are deemed to be similar based on 
professional judgement. In this preliminary study, the Voellmy rheology (Hungr, 1995) was used for all cases.  
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The goal of model calibration is to determine the set of model parameters that best reproduce field observations for 
a case history of interest, and ultimately identify patterns within a set of calibrated cases that can be applied to 
prediction. 
We used a method developed by Aaron et al. (2019) originally for rock avalanches, to calibrate the model. The 
method treats model calibration as an optimization problem, where the following least squares objective function is 
minimized: 
Φ =∑ (wi · ri)2 ni=1  (1) 
ri = ci - oi (2) 
where Φ is the value of the objective function, wi is a user-specified weight given to observation i, ri is the difference 
between the simulated and actual value of observation i (e.g. the difference between simulated and observed velocities 
at a point), ci is the simulated value of observation i, oi is the measured value of observation i, and n is the number of 
simulation constraints. The user-specified weight is selected based on the standard deviation of the simulated feature 
(Aaron et al., 2019).  
Equation 1 is minimized using the Gauss-Marguart-Levenberg (GML) algorithm (Nocedal and Wright, 2006). This 
algorithm uses the derivative of Equation 1, taken with respect to the calibrated parameters, in order to minimize the 
misfit between observed and simulated landslide features. The main advantages of the GML algorithm are that it is 
computationally efficient and can be used to calibrate more than two parameters. The GML optimization analyses 
were implemented using the Parameter Estimation Package (PEST) (Watermark Numerical Computing, 2010). 
The following model constraints were used: trimline, runout length, deposit volume, and point estimates of velocity, 
maximum flow depth and deposit depth. For the trimline constraint, the modelled maximum depth greater than 0.3 m 
(a cutoff value is necessary due to the SPH method used in Dan3D) is compared to a gridded representation of the 
impact area, where a value of 1 in a cell indicates that the debris flow has impacted that location, and a value of zero 
indicates otherwise. The runout length is defined as the furthest straight-line distance from a user specified origin point 
(fan apex used this study), and the fitness is calculated by comparing this constraint to the median final position of a 
user-specified number of particles (25 used in this study). Due to uncertainty with estimating the initial volumes and 
entrainment rates (McDougall and Hungr, 2005), the initial volume was estimated, and the entrainment rate was 
included as a calibration parameter to simulate the final deposit volume constraint.  
Four of the six cases had pre-event LiDAR coverage of the fan area, except Mount Currie B and portions of Neff 
Creek with post-event LiDAR available. The Neff Creek grid was merged with pre-event grid and manually adjusted 
to represent pre-event conditions, while Mount Currie B was left unaltered. Five-meter gridded topography with 
Gaussian smoothing was used for all cases. 
3. Case Studies
The case studies consist of six recent debris flows in southwestern British Columbia (Fig. 1) with reasonably well-
preserved field evidence and LiDAR coverage of the fan area. Fig. 2 shows Google Earth imagery of the fan and 
watershed areas, and Fig. 3 shows representative field photographs of the deposits. Table 1 provides a summary of 
morphometrics and event characteristics. A brief summary of each case study is provided below. 
Neff Creek is located in the Birken-D’Arcy Valley, 25 km northeast of Pemberton, BC. The watershed is underlain 
by Jurassic to Cretaceous sedimentary rocks of the Cayoosh Assemblage, consisting of siltstone, sandstone, shale and 
argillite (Cui et al., 2015). On September 20, 2015, a large debris flow occurred at Neff Creek during a high intensity 
rainstorm, likely initiating as a rockfall or rockslide from the steep bedrock cliffs in the western part of the upper 
watershed. This event is well described by Lau (2017, Chapter 5). The debris flow eroded a channel up to 14 m deep 
through the upper portion of the fan. The debris avulsed upstream of the highway bridge and inundated the distal reach 
of the fan, depositing material up to 10 m thick. It is estimated about 40% of the deposit volume is sourced from the 
upper fan (Lau 2017, Chapter 5). Eyewitness reports suggest that the debris flow occurred as multiple surges. 
Bear Creek is located at Seton Portage between Anderson and Seton Lakes. Bedrock geology consists of marine 
sedimentary and volcanic rocks of the Bridge River Complex, including chert, argillite, and basalt (Cui et al., 2015). 
Bear Creek is one of two creeks that form a large half cone fan. The channel is deeply incised at the upper portion of 
the fan, losing confinement by mid-fan. The fan complex has a legacy of fine-grained debris flows with high mobility 
(BGC, 2018b). On July 30, 2016, a thunderstorm triggered a debris flow that travelled past the fan toe. 
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Fig. 2. Google Earth satellite images of the six case study locations. White line delineates the fan boundary. (a) Neff Creek; (b) Bear Creek; (c) 
Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 
Fig. 3. Photographs of debris-flow deposits for the six case studies. (a) Neff Creek; (b) Bear Creek (photo courtesy of Matthias Jakob); (c) Mount 
Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 
Zubrycky / 7th International Conference on Debris-Flow Hazards Mitigation  (2019)  
Table 1. Summary of case study morphometrics and event details. 
Site Bedrock Geology 

































2.18 1.81 1.2 1.27 12 1.03 10 60,000 ± 10,000 98,000 
(c) Mount 












1.45 1.02 0.9 0.11 13 0.37 14 7,500 ± 1,500 9,200 
(f) Cheam 
Fan E Sedimentary 1.87 1.9 1.4 0.27 14 1.1 10 
45,000 ± 
15,000 49,800 
1Average gradient measurements derived from post-event LiDAR data. 
2Watershed measurements derived from the TRIM Digital Elevation Model for British Columbia (1:250,000) 
3Geomorphic mapping and deposit volume provided by BGC Engineering Inc. 
Mount Currie B is the western-most of three active debris-flow fans from the steep north facing slopes of Mount 
Currie, a mountain range immediately south of Pemberton, BC. The Pemberton Diorite Complex forms the bedrock 
of the upper watershed (Cui et al., 2015) and is subject to frequent rockfalls, rock slides and debris slides that fill the 
watershed gullies with colluvium (BGC, 2018a). A debris-flow deposit of approximately 500,000 m3 is visible in 
satellite imagery, occurring sometime during the late fall of 2016. This debris flow traveled along a gully in the western 
part of the upper watershed, flowed down through the channelized bedrock reach at the fan apex, and spread out well 
beyond the previous fan limits to the Green River floodplain. Part of the flow avulsed from the main channel at the 
channel bend downslope of the apex. Debris from this event varied in size from boulders and cobbles at the upper 
portion of the fan, boulders and cobbles in a sandy matrix in the lower half of the deposit, and a finer-grained sediment 
plume at the distal end visible in the Green River. 
The Middle Lillooet Fan is a small and steep fan on the left bank of the Lillooet River downstream of Meager Creek 
approximately 50 km northeast of Pemberton. The bedrock consists of granodiorite and debris flows on this fan are 
characteristically coarse-grained (Jordan, 1994). Upstream of the fan apex, massive rockfall boulders >10 m in 
diameter fill the bedrock-controlled channel. Sometime in September or October of 2015, a coarse debris 
avalanche/debris flow ran out past the forest service road. The bulk of the material deposited on the mid fan as bouldery 
levees.  
Pavilion Lake Fan is a small half cone fan on Pavilion Lake 25 km northeast of Lillooet. The Marble Canyon 
Formation (limestone, marble) and the Cache Creek Complex (chert, argillite, limestone, basalt) form the upper and 
lower parts of the watershed, respectively (Cui et al., 2015). On August 20, 2014, a series of debris flows along 
Highway 99 were triggered by an intense storm, forcing road closure and evacuations. The debris flow at Pavilion 
Lake deposited levees at bedrock-controlled channel reaches near the apex, flowed through knickpoints in the paleofan 
surface at the top of the fan, and ran out past the highway reaching the lake.  
Cheam Fan E is located in the Cheam Range of the Cascade Mountains near Bridal Falls and about 20 km northeast 
of Chilliwack. Bedrock consists of folded and faulted rocks of the Chilliwack Group (pelite, sandstone, conglomerate, 
mafic and felsic volcanics, carbonates) (Cui et al., 2015). The site is adjacent to the 5,000 year-old Cheam rock 
avalanche deposit (Orwin et al., 2004). The Cheam fan complex is formed by material from two separate watersheds. 
Following several days of heavy rain and snowmelt, a series of debris flows and floods occurred on November 23, 
2017, temporarily closing the Trans-Canada Highway between Bridal Falls and Hope. The debris flow on the east 
channel at Cheam Fan was used in this study. Material was eroded from talus slopes in the upper east side of the 
watershed. On the fan, the flow avulsed the main channel to the west at three locations occupying paleochannels and 
inundated the highway with mud and debris. 
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4. Results
Model results using optimized parameter values for each complete set of calibration back-analyses are shown in
Fig. 4. A summary of the calibrated parameters and optimized fitness metrics is provided in Table 2. The best-fit 
parameter combinations are shown graphically in Fig. 5, along with information about the source geology and total 
volume of each event. Relationships between the calibrated friction coefficients and fan channel gradients are shown 
in Fig. 6, for further discussion below. 
Fig. 4. Model results using optimized parameter values for (a) Neff Creek; (b) Bear Creek; (c) Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion 
Lake Fan; (f) Cheam Fan E. Modeled and observed deposit trimlines are shown by the black and red dashed lines, respectively. The locations of 
depth and velocity observations used in the calibration are indicated by black and red crosses, respectively. All units are in meters. 
Table 2. Calibrated rheological parameters for the six case studies. 




Calibration Constraint Performance1 
Runout Distance 
from Fan Apex Deposit Depth 
Maximum Flow 
Depth Velocity 
(a) Neff Creek 0.10 365 <5% -74% to -100% -71% +83% 
(b) Bear Creek 0.11 531 <5% N/A N/A +72% 
(c) Mount Currie B 0.08 46 <5% <5% to -100% -42% N/A 
(d) Middle Lillooet Fan 0.16 203 <5% +143% -48% +36% 
(e) Pavilion Lake Fan 0.18 105 -25% -56% +30% N/A 
(f) Cheam Fan E 0.15 473 <5% -18% -7% +130% to +186% 
1Calibration performance calculated as (modelled – observed)/observed x 100% 
Zubrycky / 7th International Conference on Debris-Flow Hazards Mitigation  (2019)  
Fig. 5. Left: Calibrated best-fit parameter combinations. Right: Event volume vs. calibrated friction coefficient. 
Fig. 6. Left: Relationship between calibrated friction coefficient and average channel gradient for the full length of the fan. Right: Relationship 
between calibrated friction coefficient and average channel gradient for the lower half of the fan. 
5. Discussion
The calibrated parameter values summarized in Table 2 are in the same range as values reported by others based on 
similar debris-flow back-analyses (e.g. Ayotte and Hungr, 2000; Revellino et al., 2004). As shown in Fig. 4 and Table 
2, the best-fit parameter combinations resulted in relatively good simulations of total runout length in every case, 
reflecting the relative weighting/importance assigned to runout length as an input calibration constraint. 
In general, deposit width was under-predicted in cases where significant spreading occurred on the fan. All events 
in the present study were modeled as single surges, which is not realistic in several cases. For debris flows with multiple 
surges, erosion/deposition by earlier surges may significantly alter the topography affecting subsequent surges, which 
could lead to avulsions. Further, heterogeneity within each debris flow was not explicitly modeled, so avulsions caused 
by channel plugging from frictional boulder fronts were not captured either. 
Although the present sample of calibrated cases is very small, some interesting potential trends warrant further 
consideration as the dataset expands. Fig. 5 Right suggests a potential inverse correlation between event volume and 
calibrated friction coefficient. This trend mirrors the inverse correlation between event volume and travel angle 
(“fahrböschung”) observed by others (e.g. Corominas, 1996). A potentially useful relationship between fan channel 
gradient and calibrated friction coefficient is also suggested in Fig. 6. The calibrated friction coefficients for the six 
cases in this study are very close to, or slightly lower than, the average fan channel gradient for the lower half of each 
fan, suggesting that local fan gradient may be a useful metric for selecting friction coefficients for forecasting purposes. 
One of the goals of automated calibration is to make the calibration process more objective and repeatable. 
However, subjective judgement on the part of the modeler is still required to prepare the model inputs. The present 
study has highlighted the importance of standardizing such input as much as possible before expanding the study to 
include other cases. For example, model results were found to be relatively sensitive to down-sampling and smoothing 
of input topographic data (e.g. 5 m vs. 3 m grid spacing) and the number of particles used in the simulation.  
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6. Conclusion
This study has demonstrated the usefulness of a recently developed automated calibration technique for the 
numerical analysis of debris-flow runout. Preliminary relationships between morphometric parameters and rheological 
input parameters have been developed. Ongoing work is focused on refinement of the technique and standardization 
of input. The long-term goal is to apply the technique to a larger dataset of debris-flow cases to examine the 
relationships between morphometric and rheological parameters. The variability in these relationships will provide 
practitioners with better guidance on the ranges of model input parameters used for forecasting purposes.  
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